It has long been known that plasma cholesterol consists largely of a mixture of several different fatty acid esters of cholesterol. This was first indicated in 1896, when Hiirthle isolated cholesteryl palmitate, oleate, and stearate from an alcoholic extract of serum (1) . Subsequent early studies on the ratio of free to ester cholesterol in plasma demonstrated that most of the plasma cholesterol normally exists in ester form (2) . More recent studies, using gas-liquid chromatography for the analysis of the cholesterol ester fatty acids, have defined the composition of the plasma cholesterol esters in a variety of species (3) (4) (5) (6) (7) (8) .
In addition, plasma cholesterol normally is distributed among several different plasma lipoprotein fractions. Most of the plasma cholesterol of man is typically present in the low density, beta-lipoprotein fraction, with smaller amounts present in the high density and the very low density lipoproteins (9) (10) (11) (12) . These lipoproteins show small but consistent differences in their ratio of free to ester cholesterol (11, 13) . Recent analyses of the cholesterol ester composition of each human plasma lipoprotein have demonstrated strong similarities in the cholesterol ester composition of the different lipoproteins (13) . Small but statistically significant differences do, however, exist between the different lipoproteins. Larger differences between lipoprotein cholesterol ester patterns have been reported by Lindgren and Nichols (14) .
Previous studies on the turnover of cholesterol in human plasma have treated plasma cholesterol ester as a single homogeneous entity (15) (16) (17) . Since plasma cholesterol ester exists as a mixture * Submitted for publication April 2, 1964 ; accepted July 2, 1964. Supported by research grants AM-05986 and HE-05741 from the National Institutes of Health.
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of different esters distributed among several different lipoproteins, however, multiple possibilities exist for the heterogeneous metabolism of plasma cholesterol esters. Thus, the turnover rates of different cholesterol esters, or of the same or different esters within different lipoproteins, may not be the same. Recent studies on the turnover of individual cholesterol esters in rat plasma have, in fact, demonstrated substantial differences in the turnover rates of the different esters (18, 19) . The present study was undertaken to examine the turnover of each different cholesterol ester within each of the three major plasma lipoprotein fractions in man. A preliminary report of some of these results has been published (19) .
Methods
Forty-four microcuries of DL-2-C'4-mevalonic acid, in solution in isotonic saline, was injected intravenously into each of two fasting normal men. The C'4-mevalonic acid 1 was prepared for injection as described earlier (18) . The subjects, a 39-year-old Negro (subject WB) and an 18-year-old Caucasian (subject EH), ate their usual diets except for a slight reduction in fat intake for one week preceding, and during, the period of the study. Serial blood samples were collected in syringes moistened with a solution of heparin, and plasma samples were collected and processed as described in detail elsewhere (13) . In brief, small samples of plasma were extracted immediately, and larger volumes of plasma were used for the serial separation of lipoproteins as discussed by Havel, Eder, and Bragdon (10 (20) . Duplicate analyses were carried out on each sample; the results of these analyses differed by less than 5% in every case. Other portions of the cholesterol ester and free cholesterol fractions were assayed for C"4 with a Packard liquid scintillation spectrometer, using 0.5% diphenyloxazole in toluene as solvent. The counting efficiency in this system was 55%. The specific radioactivity of the free cholesterol, and the average specific radioactivity of the esterified cholesterol in each whole cholesterol ester fraction, were then calculated from these data.
The composition of each cholesterol ester fraction was determined by gas-liquid chromatography (GLC) of the cholesterol ester fatty acids as their methyl esters, as detailed earlier (13) . The GLC distributions were corrected for the different molecular weights of the different fatty acid methyl esters, and the distribution of cholesterol esters was tabulated in molar terms for each sample. This is equivalent to a tabulation in terms of the distribution of cholesterol mass among the different esters. The complete GLC data on the fatty acid composition of each lipid class in whole plasma and in each plasma lipoprotein for the samples that comprised the present study have been presented elsewhere (13) . Both subj ects showed only extremely small variation from sample to sample in the concentration and composition of each lipid class in each lipoprotein.
The distribution of radioactivity among the different cholesterol esters in each sample was determined by thin layer chromatography (TLC) on silica gel G impregnated with AgNO3, using benzene-hexane, 1: 1 (vol/vol), as ascending solvent, and as previously described in detail (18) . This method separates cholesterol esters differing in the number of double bonds in the fatty acid moiety. TLC resolved each sample into four widely separated zones, comprising the saturated cholesterol esters (mainly cholesteryl palmitate, Rf -~-0.8), the monounsaturated esters (mainly cholesteryl oleate, Rfr 0.65), the diunsaturated esters (cholesteryl linoleate, Rf , 0.4), and the tetraunsaturated esters (cholesteryl arachidonate, Rf _t 0.1). Each zone was separately scraped on to a filter funnel, eluted with 15 ml CHC13, and assayed for C14. Further elution with hot benzene: ethyl ether, 1: 1, was carried out to recover completely cholesteryl arachidonate from the A4 zone; the other more saturated esters were satisfactorily eluted with CHC1s alone.
The validity of this TLC method for the determination of the distribution of cholesterol ester radioactivity has been verified by the analysis of various standard mixtures of pure labeled cholesterol esters (18) . Duplicate TLC analyses were carried out on each cholesterol ester sample in the present study. The values for the percentage of distribution of radioactivity in the saturated and mono-and diunsaturated zones agreed within 10% (usually within 5%) in almost every pair of analyses.
In the very few instances where differences greater than 10% of the value were observed, one or more additional analyses were carried out. The values for the percentage of total radioactivity in the A4 zones agreed within 20% of each other on duplicate analysis. This greater relative error in the A4 values largely derived from the relatively small amounts of cholesteryl arachidonate present in the samples. Only the average values for the duplicate analyses have been tabulated in the results that follow.
To compare the distribution of cholesterol ester mass, as determined by GLC, with the C'4 distribution as determined by TLC, the saturated and monounsaturated ester mass values were summed for each sample, and the distribution of esterified cholesterol mass was expressed in terms of saturated, Al, A2, and A4 fractions. Almost identical values were obtained, from sample to sample, for the mass distributions for a given plasma lipoprotein (or for whole plasma). This is indicated by the extremely small standard errors tabulated with the GLC data in earlier work (13) . Since the small variations from sample to sample were probably more technical than biological in origin, the values for the various samples were averaged, and only the average values were used as representing the distribution of esterified cholesterol mass in all samples of a given lipoprotein. This procedure thus minimized any small variation from sample to sample that might have been derived from small technical errors in the GLC analyses.
The specific radioactivity of each cholesterol ester fraction in each sample was calculated from the preceding data by multiplying the average specific radioactivity of the whole ester fraction by the ratio of the percentage of total C" to the percentage of total mass.
Results
The values of the specific radioactivity of free and esterified cholesterol in the whole plasma samples of each subject, at various time intervals after the injection of DL-2-C14-mevalonate, are listed in Table I . Labeled free cholesterol rapidly appeared in the plasma, with the maximal specific radioactivity of free cholesterol occurring at approximately 3 hours in both subjects. The time and levels of the peak specific radioactivity of plasma free cholesterol seen here are comparable to those observed by Gidez and Eder in a patient given intravenous C14-mevalonate (17) . The peak specific radioactivity for plasma ester cholesterol occurred at approximately 48 hours in both subjects. Equilibration between the free and ester cholesterol occurred more rapidly in subject EH than in subject WB. Thus, after 24 hours this equilibration was 76% complete (ester/free SA ratio, 0.76) in subject EH but only 50% complete in WB. After 48 hours equilibration was 97%o complete in subject EH and 81% in subject WB.
The urine of subject EH was collected and pooled during the first 48 hours after the mevalonate injection. One ml of urine was added to 10 ml of the scintillation mixture described by Bray (21) and was assayed for C14; the observed counts per minute were corrected to the usual efficiency by use of an appropriate internal standard. The pooled urine contained 55% of the total amount of C14 injected into subject EH. A similar urinary excretion of radioactivity, mainly occurring in the first 12 hours, was also seen by Gidez and Eder in the patient mentioned above (17) . Most of this urinary C14 probably consisted of L(-)miievalonic acid., since it has been shown that only the D(+) isomer is biologically active (22) and that the L(-) isomer is primarily excreted in the urine (23) . The urinary excretion in excess of 50% probably reflects the excretion of some of the active isomer during the first hour or two, together with the excretion of some labeled bicarbonate, derived from the C1402 released during the course of cholesterol biosynthesis (24) .
The specific radioactivity of the free and esterified cholesterol in each plasma lipoprotein, at various time intervals after C14-mevalonate, is listed in Table II . Lipoprotein fractionation was carried out on all the samples from subject EH but on only four of the plasma samples of subject W\B. The free cholesterol specific radioactivities in the three lipoproteins derived from a given plasma sample were nearly identical in all samples. In contrast, marked differences were seen in the specific radioactivities of the esterified cholesterol of the different lipoproteins. In both subjects, radioactivity appeared much more rapidly in the ester cholesterol of the high density (density 1.063 to 1.21) lipoprotein than in the ester cholesterol of the other lipoproteins. Radioactivity appeared least rapidly in the low density (density 1.019 to 1.063) lipoprotein ester cholesterol. Most of the data for subject EH are also shown graphically in a log-log plot in Figure 1 . The differences between the three lipoproteins were most marked in the early hours of the study and consisted of specific radioactivity differences of several hundred per cent. After 2 days the differences between the lipoproteins were virtually gone. In the early periods of these studies, the distribution of radioactivity in ester existed at the time the plasma samples were collected, and hence reflected true in vivo differences. In vitro esterification of free cholesterol (25) probably did not occur during lipoprotein separations because of the low temperatures employed for ultracentrifugation.
The distribution of esterified cholesterol mass among the saturated and mono-, di-, and tetraunsaturated cholesterol esters, for whole plasma and for each plasma lipoprotein in each subject, is shown in Table III. As described under Methods, these data are derived from the complete GLC data given earlier (13) . Cholesteryl palmitate and oleate comprised the predominant saturated and monounsaturated esters, respectively. Cholesteryl linoleate and arachidonate were, respectively, the only di-and tetraunsaturated esters.
The data listed in Table III demonstrate for each subject the strong similarities seen in the cholesterol ester compositions of the different lipoproteins. As discussed previously (13) , small but statistically significant differences did, however, exist between the different lipoproteins. For both subjects these differences included the occurrence of significantly more oleate in the very low density (density < 1.019) lipoprotein cholesterol esters than in the cholesterol esters of the other lipoproteins. There was also significantly less arachidonate in the very low density lipoprotein cholesterol esters of subject WB compared to his other lipoproteins. None of these differences was sizeable. Table IV lists the distribution of radioactivity among the four cholesterol ester fractions, as determined by TLC, for each sample of whole plasma or plasma lipoprotein. Table IV also lists the specific radioactivity ratio for each ester fraction relative to the free cholesterol specific radioactivity in the same sample.
Some of the relative specific radioactivity data from Tables II and IV are also shown graphically in Figure 2 for the lipoprotein samples of subject EH. In Figure 2 , each vertical column shows the results obtained with one lipoprotein sample. In each column the height of the horizontally striped bar represents the ratio of the average specific radioactivity of the whole cholesterol ester fraction to that of the free cholesterol in the same lipoprotein sample (from Table II ). The relative specific radioactivities of the four individual choles- Table IV derives from the small amount of radioactivity found in the A4 zones; a small amount of contamination of radioactivity from the preceding zones would introduce a relatively large error in the zA4 value.
In both subjects, for each lipoprotein considered separately and for whole plasma, radioactivity appeared in the different cholesterol esters at a rate proportional to the relative mass of each cholesterol ester. Thus, in each lipoprotein and in whole plasma, the relative rate of appearance of radioactivity was the same for all individual cholesterol esters. This is most clearly indicated by the relative specific radioactivity data of Table IV and Figure 2 . At all time intervals the relative specific radioactivities of the different cholesterol esters in each sample were virtually identical. The only exception occurred with the very low density (density < 1.019) lipoprotein of subject WB, which showed relatively more radioactivity in the monounsaturated esters in the earliest two samples analyzed. This difference was not large and was very transient; it was gone by 7.25 hours, although the extent of equilibration of free and ester cholesterol in this lipoprotein was less than 20% at that time. In contrast, large differences were seen previously in the relative rates of labeling of the different cholesterol esters of rat whole plasma, and these differences extended throughout the period of equilibration of free and ester cholesterol (18, 19) . In all the other samples of both subjects WB and EH, the small differences seen in the relative specific radioactivity values for the different cholesterol esters were within the limits of error as discussed above.
Discussion
The studies reported here demonstrate marked differences in the relative rates of appearance of radioactivity, after intravenous C14-mevalonate, inl the cholesterol esters of the various human plasma lipoproteins. These differences probably reflect comparable differences in the turnover rates of the cholesterol esters of the different lipoproteins, since a steady state probably existed in these postabsorptive subjects with unchanging plasma lipid concentrations. Both subjects showed the greatest fractional turnover rate in the high density lipoprotein cholesterol esters and the smallest fractional turnover rate in the low density (density 1.019 to 1.063) lipoprotein cholesterol esters. The fractional turnover of the very low density (density < 1.019) lipoprotein cholesterol esters, which comprised only a very small portion of the total plasma cholesterol ester mass, was intermediate in extent.
Similar data on the in vivo turnover of ester cholesterol in different plasma lipoproteins are not available for experimental animals or from other human studies. Kritchevsky, Shapiro, and Werthessen studied the turnover of the serum free and ester cholesterol, and of the total cholesterol of the a-and ,8-lipoproteins, in a baboon given C'4-mevalonate by stomach tube (26) . They found that the specific radioactivity-time curves were practically identical for the two lipoproteins. Unfortunately, the blood samples were not large enough to permit separate determinations for free and ester cholesterol in the two lipoprotein fractions. Gidez and Eder stated in an abstract (27) that in a patient given C14-mevalonate the specific activity of the cholesterol esters of the lipoprotein fraction with density 1.019 to 1.063 was lower than that of the cholesterol esters of the other lipoprotein fractions; the details of this work have not been published. Information is available about the relative turnover of cholesterol esters in different rat plasma lipoproteins in vitro from the rat liver perfusion studies of Roheim and his associates (28) . During perfusion of livers containing labeled cholesterol from either normal or cholesterol-fed rats, the fastest relative turnover of ester cholesterol occurred in the very low density (< 1.019) lipoprotein fraction. This observation was consonant with the results of previous rat liver perfusion studies by these workers, which showed the fastest relative turnover of lipoprotein protein in the very low density fraction (29) .
In the present work, the specific radioactivity of the free cholesterol in the different lipoproteins was nearly identical in all samples of plasma. This finding was not surprising, since free cholesterol has been shown to undergo rapid and complete in vitro exchange between different lipoproteins (28, 30, 31) . This exchange also occurs between the free cholesterol of plasma and red cells, and plasma and liver, and presumably accounts for the observed rapid appearance of labeled plasma free cholesterol subsequent to the biosynthesis of labeled cholesterol from C14-mevalonate in the liver. A slower exchange has also been demonstrated with plasma phosphatides (32, 33) and with triglycerides (34) . The maximal extent of equilibration that could result from in vitro exchange has not been established for these two lipid classes. Although the mechanisms involved in the exchange process have not been defined, the fact of exchange tends to obscure the demonstration of metabolic differences that might exist between different lipoproteins for these lipid classes.
In contrast to free cholesterol, virtually no exchange of ester cholesterol occurs in vitro (28, 31) . The absence of ester cholesterol exchange was reflected, in the present study, in the very different ester cholesterol specific radioactivities seen in the different lipoproteins. The finding of these differences established the absence of exchange in vivo as well as in vitro and permits the interpretation of specific radioactivity changes in each lipoprotein in terms of relative turnover rates. It has been suggested (28) that since ester cholesterol does not exchange among lipoproteins, study of ester cholesterol turnover in the various lipoproteins may provide information about the metabolism of the entire lipid portion of the various lipoproteins. Although this may be true, the present finding of the highest fractional turnover rate in cholesterol esters of high density lipoproteins should not be applied to other portions of the lipoprotein molecules without further information. Potential discrepancies are suggested by the work of Gitlin and co-workers (35) , who observed a slower fractional turnover of I131-labeled protein in high density compared to low density human lipoproteins. In addition, Havel (36) has reported in human subjects the most rapid relative incorporation of circulating free fatty acids into very low density (< Very different results were obtained in a similar study on the turnover of individual cholesterol esters in rat whole plasma (18, 19) . A much more rapid fractional turnover rate was seen in the monounsaturated compared to the other cholesterol esters in rat plasma. This finding suggests that major variations exist in the metabolism of plasma cholesterol esters in man and the rat. More information is needed on the turnover of different cholesterol esters in each rat plasma lipoprotein.
Portman and Sugano have reported the results of experiments dealing with the metabolism of individual cholesterol esters in monkey whole plasma (37) . Six female Cebus monkeys were injected intraperitoneally with C14-mevalonate, and the distribution of cholesterol ester radioactivity among four cholesterol ester groups was determined after 2 hours, 1 day, 3 days, and at intervals thereafter. The distribution of radioactivity in the different cholesterol esters agreed fairly well with the composition of the total cholesterol ester fatty acids as determined by GLC. Of interest is the fact that the plasma cholesterol ester composition observed in these monkeys was similar to that seen in man. These results suggest that the different plasma cholesterol esters of Cebus monkeys are all turning over at the same relative rate, similar to the results obtained in the present study with human subjects. This conclusion should only be considered as tentative, however, because the analyses were carried out on only one early sample (at 2 hours) during the period when label was first accumulating in the ester cholesterol fractions. Since the free and ester cholesterol pools of plasma eventually come into isotopic equilibrium, meaningful metabolic conclusions can only be derived from early plasma samples, before such equilibrium has been achieved.
Uncertainty exists as to the mechanisms responsible for the plasma cholesterol ester turnovers seen in the present study. The processes that might be involved in this turnover have been discussed in detail elsewhere (18) . One possibility is that turnover depends upon continuing hydrolysis of plasma cholesterol esters, followed by esterification of free cholesterol, within plasma lipoproteins. If this occurs, hydrolysis probably takes place during lipoprotein circulation through the liver and involves liver enzymes, since cholesterol ester hydrolytic enzyme activity has not been found in human plasma (38) . Such hydrolytic activity has been found only in dog serum, and not in the serum of a number of other species (38) . The characteristics of the rat liver enzymes involved in cholesterol ester hydrolysis have been defined (39) , but similar information is not available for other species. Esterification of plasma free cholesterol, on the other hand, might occur either in the liver or in situ in the plasma. Cholesterol esterification in rat liver involves the reaction of free cholesterol with a fatty acylcoenzyme A thiol ester (40) . In contrast, cholesterol esterification seen in plasma in vitro has been shown by Glomset (25) to primarily involve a transferase reaction between free cholesterol and the /3 fatty acids of plasma lecithin.
As discussed previously (18), a second possible mechanism involved in the plasma cholesterol ester turnover observed here might be the remnoval of intact cholesterol esters during their circulation through tissues (including the liver), followed by replacement of the removed esters during circulation through the liver. Finally, there is the possibility that the observed turnover reflected equilibration of the plasma cholesterol esters, by exchange, with a turning-over pool of liver cholesterol esters. It has been pointed out (18) that for such equilibration to occur it would be necessary to postulate the occurrence of some conformational change in the lipoprotein during its circulation through the liver.
More information is needed to assess the relative roles of cholesterol esterification in liver and plasma in the normal formation and turnover of plasma cholesterol esters. The potential importance of the plasma mechanism is suggested by the fact that the initial rate of transesterification observed in vitro (25) (25) have suggested that the plasma transesterification reaction does not display specificity for particular fatty acids in the /3-position of lecithin. Comparable experiments have not been carried out with human plasma.
Although the results presented here do not define the mechanisms involved in plasma cholesterol ester turnover, they do indicate that the mechanisms responsible for the turnover of cholesterol esters in each lipoprotein apparently operated equally on all the cholesterol esters in a given lipoprotein. Thus, for each human plasma lipoprotein, the entire cholesterol ester mixture behaved as if it were a homogeneous pool. In addition, homogeneous turnover of cholesterol ester mixtures in each lipoprotein, with similar ester compositions in the different lipoproteins, suggests that the same mechanisms were responsible for cholesterol ester turnover in all the lipoproteins, but that these mechanisms operated at different rates for the different lipoproteins.
Summary
Studies have been conducted of the turnover rates of individual cholesterol esters in whole plasma and in each of three plasma lipoprotein fractions in man. Two normal fasting men were injected intravenously with 2-C14-mevalonic acid, and plasma samples were collected at time intervals varying from 1 hour to 7 days. Most of the plasma samples were separated into three lipoprotein fractions by serial ultracentrifugation at densities of 1.019, 1.063, and 1.21. The cholesterol ester and free cholesterol fractions were isolated by silicic acid column chromatography of the total lipid extracts, and the specific radioactivity of the free and esterified cholesterol in each sample was determined. The distribution of cholesterol mass and radioactivity among the several different esters were determined, respectively, by gas-liquid chromatography of the cholesterol ester fatty acid methyl esters and by thin-layer chromatography on silver nitrate impregnated silica gel. The specific radioactivity of each different cholesterol ester (saturated, and mono-, di, and tetraunsaturated esters) was then calculated from these data.
Marked differences were observed in the relative rates of appearance of radioactivity in the cholesterol esters of the various plasma lipoproteins. Both subjects showed the greatest fractional turnover rate in the high density lipoprotein cholesterol esters and the smallest fractional turnover rate in the low density (density 1 
